Pulsed-field gel electrophoresis (PFGE) after SmaI restriction of DNA from 239 methicillin-resistant Staphylococcus aureus isolates (from 142 patients) produced 26 different fingerprints. The deduced chromosome sizes ranged from 2,200 to 3,100 kb (+100 kb). A total of 81 isolates taken from 65 patients were then typed by PFGE and ribotyping with ClaI, EcoRI, and HindIII. Ribotypes were less discriminating than PFGE. Ribotyping did not discriminate isolates from a given PFGE fingerprint into different subsets. PFGE may be a more effective epidemiological tool than ribotyping for the typing of methicillin-resistant S. aureus strains.
Methicillin-resistant Staphylococcus aureus (MRSA) is still one of the most frequent agents of nosocomial infections. Although MRSA strains have not been shown to be more virulent than other strains, the multiple antimicrobial resistance of these isolates makes them responsible for high mortality rates in compromised patients (13) . In hospital units, these strains are spread by patients, staff, and environmental factors (5) . Strains need to be distinguished from each other for epidemiological purposes. Convenient markers have already been proposed, and the methods include lysotyping (4), serotyping (15) , capsular typing (20) , numerical analysis of electrophoresis protein patterns (6) , restriction endonuclease digestion of chromosomal DNA (11) , and restriction analysis of plasmid DNA (10, 12) . Two features are generally expected from these systems: stability and polymorphism.
The aim of this work was to evaluate the polymorphism provided by two chromosome-based epidemiological marker systems, pulsed-field gel electrophoresis (PFGE) (2, 8, 14, 17, 19) and ribotyping (7, 9, 22) , which both offer the advantages of chromosomal stability and applicability to all bacterial species. A collection of 239 MRSA strains isolated over 2 years was first classified according to the PFGE patterns of the strains. Of these isolates, 81 were further analyzed by ribotyping in an attempt to compare the polymorphisms of the two markers, to establish a possible link between the two markers, and to distinguish strains exhibiting the same PFGE fingerprint.
MATERIALS AND METHODS
Bacterial strains and identification. S. aureus organisms were identified as gram-positive cocci that were facultative anaerobes producing free coagulase (tested by the tube coagulase test with reconstituted citrate rabbit plasma [Biomerieux, Marcy l'Etoile, France]), and acetoin and that were deficient for ,-galactosidase production. Testing for methicillin resistance was performed by inoculating Mueller- Hinton broth (Oxoid)-5% NaCl agar plates according to the recommendations of Barry and Thornsberry (3) . Resistance to methicillin was recorded when the diameter of the zone of inhibition was less than 20 Table 2. DNA preparations for PFGE analysis. The isolates were grown overnight at 37°C in 100 ml of 2x YT medium (18) to a density of 0.4 (measured as A6.). One milliliter of 0.5 M EDTA (pH 8.0) was added to the culture, and 25 ml of the bacterial suspension was centrifuged at 5,000 x g for 10 min at 4°C, washed, and resuspended in 1 ml of 10 mM Tris-HCI-5 mM EDTA-1 M NaCl (pH 8.0). The bacterial suspension was then mixed with 1.5 ml of deionized lowmelting-point agarose (Appligene, Strasbourg, France) maintained at 50°C. The mixture of cells and agarose was poured into the slots of a plastic mold (25 by 3 by 3 mm) and cooled. The agarose plugs were then transferred into sterile tubes containing 1 Designation of different PFGE patterns. We studied the within-and between-day reproducibility of the 26 PFGE fingerprints (see Fig. 1 (17) . PFGE patterns with large-molecular-size DNA fragments also were obtained after digestion with other restriction endonucleases (i.e., ApaI, EagI, and Narl). Four isolates representing the eight most frequent PFGE patterns (Fig. 2) were analyzed by EagI restriction before and after 40 subcultures. As for SmaaI restriction, stability of the marker was observed. There was no polymorphism shown by testing EagI, ApaI, and Narl which was greater than that of SmaI (Fig. 3) . Moreover, ApaI digestions produced more than 20 DNA fragments which were not well separated after PFGE (Fig. 3) ; complete digestion with NarI endonuclease was difficult to obtain. Figures 3 and 4 show that the strains displaying SmaI PFGE fingerprints 13, 14, and 15 (Fig. 3A, lanes 1 through 3, respectively) also exhibit different EagI PFGE fingerprints (Fig. 3A, lanes 4 through 6, respectively) . Four strains that exhibited a single SmaI PFGE pattern (pattern 1) (Fig. 3B,  lanes 1 to 4) could not be resolved into separate EagI (Fig.  3B, lanes 5 to 8) , ApaI (Fig. 3B, lanes 9 to 12) , or Narl (Fig.  3B, lanes 13 to 16) patterns. Therefore, the polymorphism obtained for MRSA with the restriction endonucleasesApaI, EagI, and NarI was not greater than that obtained with SmaI. These results seem to indicate a homologous organization of the chromosome for strains displaying a given PFGE profile, particularly PFGE fingerprint 1. SmaI restriction was preferred to ApaI, EagI, and Narl restriction because the DNA fragments obtained with it ranged from 30 to 700 kb and provided the most readable fingerprints.
When multiple isolates from a single patient were analyzed, two observations were noted. First, with four patients from whom multiple MRSA isolates (8 to 16 samples) were obtained during 2-week periods, no changes in PFGE profiles (patterns 1 and 10) were detected. Second, three other patients were demonstrated to carry multiple MRSA isolates with different PFGE profiles (patterns 1, 5, and 10), with each type unique to a given body site (hand, anterior nares, or tracheal aspiration). This observation was repeatedly confirmed over 2 weeks, and the definitive replacement of one PFGE pattern by another was never observed.
As shown in Fig. 2 , the number of SmaI fragments in each fingerprint ranged from 11 (i.e., fingerprints 12 and 17) to 14 (i.e., fingerprints 6, 13, and 14). Nevertheless, 26 fingerprints displayed the 35-and 50-kb fragments, 23 contained the 85-and 135-kb DNA fragments, 22 contained the 115-kb DNA fragment, and 15 contained the 300-kb DNA fragment. There were only 10 fingerprints exhibiting these six restriction fragments (i.e., those with lengths of 35, 50, 85, 115, 135, and 300 kb). The sizes of the DNA fragments observed for each pattern allowed an estimation of the molecular size of the staphylococcal chromosomes. The sizes ranged from 2,200 to 3,100 kb (+100 kb) according to the strain.
Considering the classification of the 239 strains into 26 PFGE fingerprints, it appeared that fingerprints 1, 5, and 10 were the most frequently encountered, with fingerprint 1 being predominant (as shown in Fig. 1 ), representing 51% of the isolates. Fingerprints 5 and 10 accounted for 13 and 14% of these isolates, respectively. Strains bearing fingerprint 1 were isolated at rates ranging from 18 to 80%, depending on the hospital unit.
Ribotyping. In an attempt to determine whether another chromosome-based marker system could define subsets of isolates within a single PFGE profile, we analyzed 81 MRSA isolates by ClaI, EcoRI, and HindlIl ribotyping. In the first step, 26 strains representing each of the 26 different PFGE fingerprints from 26 patients were randomly selected in order to test for a possible link between the two markers (Fig. 5) . These 26 strains with distinct fingerprints were distributed in only four ClaI, six EcoRI, and 4 HindIII ribotypes (Table 3) , schematically represented in Fig. 6 _   2780  2750  2800  2880  2900  2800  2300  2200  2600  2650  2950  2500  3100  2800   2950  2900  2950  2850  2620  2320  2970  2400  2780  2950  2850  2720 sizes of the corresponding chromosomes ranged from 2,400 kb (PFGE pattern 18) to 3,100 kb (PFGE pattern 25). The distribution of Clal ribotypes within the PFGE patterns was identical to that of HindlIl ribotypes (Table 3 ).
In the second step, we examined whether there were A T 1 2 3 4 5 6 B T 1 2 3 4 5 6 7 several ribotypes within a given PFGE profile. For this purpose, we analyzed 40% of each of the most frequently encountered PFGE profiles (patterns 1, 5, and 10) from the isolates collected from patients belonging to each of the four patient groups: 24 isolates of PFGE pattern 1, 9 isolates of T_9 1O tl 12 13 4) and the corresponding EagI (lanes 5 through 8, respectively), ApaI (lanes 9 through 12, respectively), and NarI (lanes 13 through 16, respectively) fingerprints. Molecular masses in kilobases were obtained from bacteriophage lambda DNA concatemers (lanes T). The 22-and 5-kb DNA fragments were obtained from lambda DNA digested by EcoRI and HindIII restriction endonucleases. 1, 2, 3, 4, 5, 8, 9, 10, 12, 14, 15, 17, 18, 20,   21, 22, 24, 25................................ (Table 3) . PFGE, therefore, appears to be more discriminating than ribotyping. Our ribotyping procedure differs from that previously described (7), since we used E. coli rRNA as a probe instead of the cloned 16S rRNA gene from Bacillus subtilis. Our rRNA gene patterns El, E2, and E3 shared a high degree of homology with those (16) Ribotyping and PFGE typing are based on the same principle: the study of the distribution of restriction sites on chromosomal DNA. Ribotyping detects a single region of the chromosome (rRNA gene copies) that is well conserved among the bacteria. The sizes of the DNA fragments seen after hybridization with E. coli rRNA can vary among the isolates of a species and produce different ribotypes. This phenomenon is correlated with the variations of the restriction sites either within the rRNA genes or within the sequences surrounding this particular chromosomal region.
In contrast to ribotyping, PFGE detects the distribution of restriction sites throughout the chromosome. This distribution varies because of ancestral strain-to-strain mutational differences and because of the variations in the gene content of the staphylococcal chromosome. For example, several genes may or may not be present in the chromosome of a particular strain (e.g., the exfoliative toxin A gene, the enteroxin B and E genes, and the toxic shock syndrome toxin gene), leading to variable restriction patterns and chromosome sizes as shown by PFGE. It is clear, therefore, that PFGE profiles may offer greater discriminative power than ribotyping. This study underscores the suitability of PFGE for investigating MRSA-caused nosocomial infections.
